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1 Introduction 



Deep-inelastic scattering (DIS) of leptons on nucleons provides an excellent tool for prob- 
ing the structure of nuclear matter. The leading-twist momentum and helicity distribu- 
tion functions (DF) of quarks in nucleons, fi{x) and gi{x), have been intensively stud- 
ied. There exists another independent leading-twist DF, hi{x) describing the 
transverse-spin distribution of quarks in a transversely-polarized nucleon. These DF's 
depend on longitudinal momentum fraction (x) carried by quark and are integrated over 
its intrinsic transverse momentum (fcr)- In contrast to chirally even DF's fi{x) and gi{x), 
the chirally odd DF, hi{x), cannot be measured in simple DIS because in this case trans- 
verse spin asymmetries are suppressed at high energies. It can be measured in the lepton 
pair production process in nucleon-nucleon collisions with both nucleons polarized trans- 
versely. To be sensitive to the transversity distribution, it is necessary that either the sea 
quarks are highly polarized or that polarized antinucleons are used. Thus, at present this 
experiment seems very difficult. 

In semi-inclusive DIS (SIDIS) the transverse-spin DF can be probed if the transverse 
polarization of the struck quark is measured in some way. This "quark polarimeter" 
may be provided by an azimuthal dependence of the fragmentation function (FF) for 
transversely-polarized quarks (Collins effect). Another possibility of quark polarimetry 
is based on the observed correlation of flavor and electric charge of the fragmenting quark 
and leading hadron. In Ref. 0] it was proposed to measure the transverse polarization of 
quarks by measuring the polarization of self-analyzing baryons from fragmentation. An 
investigation of the transversity distribution, hi{x), in SIDIS on transversely-polarized 
nucleons has been proposed by the HELP collaboration 0. 

Semi-inclusive DIS on a longitudinally-polarized target has been considered in Ref. 
1^ and 0. It was proposed to measure asymmetries for production of different types of 
hadrons to get information about the flavor dependence of quark helicity DF in nucleons. 
This kind of measurements was already performed in the SMC experiment p| and is 
planned by the HERMES collaboration 0. 

In theoretical calculations of polarized SIDIS the intrinsic transverse momentum of the 
quarks in the nucleon is usually ignored. For example in |]T0| the polarized SIDIS cross 
section integrated over final hadron transverse momentum (P^) was considered, keeping 
higher twist DF and FF. Because the intrinsic /ct was neglected and the integration over 
Pr^ was assumed, the target transverse-spin asymmetry in this case appears only at twist- 
three (~ But, as was shown in Ref. [Q], the target transverse-spin asymmetry may 
exist at twist-two level in the azimuthal distribution of produced hadron. This asymmetry 
arises from the azimuthal dependence of transversely-polarized quark fragmentation and 
is sensitive to hi (x) . The parton model picture of Ref. is not symmetric in the sense 
that the transverse momentum of final hadron with respect to the scattered quark was 
taken into account but the intrinsic transverse momentum of the initial quark in nucleon 
was neglected. 

It is known that even in unpolarized SIDIS the effect of intrinsic momentum can 



be significant |TT|,[|T^. For a polarized nucleon the situation is more complicated. As 
was shown in Ref. and ||T3[ for the nonzero /ct case, the quark distribution in a 
polarized nucleon is described by six DF's already at twist-two (instead of three DF's 
when intrinsic effects are neglected). The three "new" DF's relate the transverse 
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(longitudinal) polarization of the quark to the longitudinal (transverse) polarization of 
nucleon. Measurement of these DF's was proposed in the doubly-polarized Drell-Yan 
process. Their contribution to polarized DIS appears only at twist-three (~ 1/Q) P^ - 

The main subject of this article is the calculation of the polarized SIDIS cross section in 
the quark-parton model with nonzero intrinsic kx- The lay-out of this paper is as follows: 
section 2 contains the derivation and discussion of a general expression for the polarized 
SlDlS cross section in terms of structure functions, section 3 contains a description of the 
quark-parton model with intrinsic /c^ for polarized SIDIS, in the section 4 a final expression 
for the SIDIS cross section is derived assuming exponential dependence on transverse 
momentum of DF's and FF's, section 5 contains a short discussion and illustrates possible 
ways of experimental investigation of the effects of different DF's and FF's in polarized 
SIDIS and finally section 6 contains some concluding remarks. 



2 Structure functions for polarized SIDIS 



Inelastic scattering of polarized leptons on polarized nucleons / + I' + N' + 7t was con- 
sidered a long time ago by Dombey [1^. For polarized SIDIS, Gourdin [|1^ has counted 
the number of structure functions and derived some constraints on them from the require- 
ment of positivity. To derive a general formula for the cross section these authors used 
the decomposition of the hadronic tensor into scalar structure functions corresponding to 
different polarizations of the virtual photon and target. 

In this section I follow the method used in and |jT6| and present explicit formulae 
for polarized SIDIS cross-sections. 

The Feynman diagram describing this process in the one-photon exchange approxima- 
tion is depicted in Fig. 1. 




Figure 1: Lowest order diagram for SIDIS. 



The standard notation for DIS variables is used: 1{E) and l'{E') are the momenta 
(energies) of the initial and final lepton; 9i and are the scattered electron polar and 
azimuthal angles in the laboratory frame; q = I — I' is the exchanged virtual photon 
momentum; 6^ is the virtual photon emission angle; P is the target nucleon momentum; 
ph ig the final hadron momentum (energy); = —q^ = AEE' / sin'^{6i/2); v = 

P ■ q/M; X = QV2P ■ q; y = u/E; z = P- Pi^jP ■ q. 

recent review on the subject of polarized lepton- nucleon scattering is given by S. Boffi, C.Giusti 
and F.D. Pacati The author thanks D. von Harrach for mentioning this article. 
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For the cross-section one has 



e^i+N^i'+h+x 



(Fa 



Ana 



'3/' 



3 jDh 



(1) 



(2) 



AP-l\Q\ 

Here the leptonic tensor is given by QED: 

where A is the initial Icpton hehcity (| A |< 1). 
The hadronic tensor in (1) is defined by 

X ■' iex l^^J ^-^i 

where 5" is the target nucleon polarization. 

The hadronic tensor can be decomposed into a spin-independent and a spin- 

dependent (Wji^^) part: 



For a spin-i target, Wj^f^ has to be hnear in 5* 



(4) 



(5) 



Note that, since S* is a pseudovcctor, W^i^p is a pscudotensor. 

It is convenient to consider the hadronic tensor decomposition in terms of structure 
functions in the target laboratory frame, with the z-axis chosen in the virtual photon 
momentum direction and the x-axis along the final hadron transverse momentum Pjl' 
(sec Fig. 2). This reference system is referred to as the laboratory gamma-hadron frame 
(LGHF). 




Figure 2: Lepton and produced hadron momenta in the LGHF. 

To pass to this reference frame one has to perform three rotations: 
1) Rotation around the initial lepton momentum by an angle to pass to the lepton 
scattering plane. 
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2) Rotation around the normal to the lepton scattering plane by an angle —9^, defining 
a new 2;-axis coinciding with the virtual photon momentum direction. This often-used 
reference frame will be called the laboratory gamma-lepton frame (LGLF). 

3) Rotation around the new 2;-axis by the azimuthal angle of the produced hadron 
defining a new x-axis coinciding with the produced hadron transverse momentum 

direction. 

For the following it is important to note that, by definition, Q z = g, x = Pip are polar 
vectors and y = [z x x\is an axial vector. 

One of the advantages of the LGHF is that the hadronic tensor in this frame is inde- 
pendent of the relative azimuthal angle between the lepton and hadron planes (0'^^=— 0^). 
To decompose the hadronic tensor into scalar structure functions the following complete 
basis for polarization vectors of the virtual photon (e'^) and nucleon (e'^) is chosen in the 
laboratory frame: Q 

e^ = i(g3,0,0,g°), = (1, 0, 0, 0), 

e^' = (0,1,0,0), e^ = (0,l,0,0), 

e^ = (0,0,l,0), e^ = (0,0,l,0), (6) 

e^ = (0,0,0,l). 



By construction, €2 and 62 are equal to y and thus are axial vectors. The following 
closure properties hold for the basis vectors: 

^ u 

9fMU^a^b ~ 9aby 

fi u 

9liu^i 9ijy 

Now, expanding both parts of the hadronic tensor over the complete basis of polar- 
ization vectors, 

= elele^Xatl (8) 



one has 
where 



l.^W'^^ = L'^' {hS; + S^e^H^^) , (9) 



can be treated as a virtual-photon polarization density matrix. 
Using (7) one can express the scalar structure functions as 

^2 = e^^efW^S- (11) 



■^Everywhere in this article unit vectors are denoted by a hat: a = a/\a\. 
*0f course, this decomposition can be performed in a Lorentz invariant form. 
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Let us consider the restrictions imposed by the invariance properties of W^i, [0 : 

- current conservation =^ structure functions with a = 3 or 6 = 3 are equal to zero, 

- parity conservation =^ Hj^ = if it contains an odd number of indices 2 and H^^^ = 
if it contains an even number of indices 2, 

- hermiticity of W,.=^ Hf^ = H^T and if^ = HfJ\ 

- contribution of H^l to W^^, is zero since Cq = PP /M and 5 ■ P = 0, 

- time reversal invariance does not give new constraints on SIDIS structure functions. 
Taking into account these properties one can choose the following set of indepen- 

dent real structure functions: five spin-independent H^Ih^^ , H^l ReH^^ , ImH^^ and 
thirteen spin-dependent h'^H, ReH^fl, ImH^fl, eH^2u I^H^S^ ^eif^^, ImH^^h ^112, 
ReHill ImHill ReH^l ImHiH hH 

In the general case these structure functions depend on four variables Q'^ ^ v ^ z and 

The lepton momenta in the LGHF have the form: 

I'^f^ = E (1, sin 6^ cos 0f , sin 6^ sin 0f , cos 6^ 



JDh2 



1^1, = E ((1 -?/),sin^^cos0f,sin^^sin0f, {1 - y) cos{e^ + di)) , (12) 



with 



. _ I 4M2x2 




(13) 



By our choice of reference system the dependence on azimuthal angle is completely 
contained in the leptonic tensor. For = (1 — e)L"'^ /2Q'^, one also has the hermiticity 
property = C}""* and from (2), (10) and (12) it follows that 

C'' = e, 




e(l -e 




^(1 + e) . ji 
2 sm0^ + a 




'4l 



(14) 



2 2 



where 

^ 1 ^ 2{l -y)-Mxy/E 

' l + 2i^t(72| l + {l-yY + Mxy/E ^ ' 

describes the virtual-photon polarization. 
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is contained 

in the polarization density matrix of virtual photon when SIDIS is described in the LGHF. 



One can see that all "memory" of the scattered lepton azimuthal angle, <^f^, 



Finally, for the product of the hadronic and leptonic tensors we get 
1 -e. 



2Q 



2 



(0) 



2e(l 



+\\l2e{l- e)ImH^^ sin0^ 



'^(7/1) 

where 



2e(l + t)ReH^Qll sin^^^ + eReH[li sin 20; 



e)ReHQi cosi 



(0) 
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77(0) 



COS 20^ 



112 



tt{S) 
-"222 



+ ei/iS + J2e{l + e)ReHi,ll cos , 



+ 



tt{S) 
-"112 



tt{S) 
-"222 



2e(l + e)ReHill sin 0^ + ei?ei/{g sin 20^ 



cos 20), 
(16) 



'121 



+ \2dl 



e) I mH^^ll cos 4>\ 



2e(l 



6)/mif(gsin, 



e)/mifo23 cos( 



Sf^i^^ and 5*1^^^^ are the target nucleon spin components in the LGHF. They 



are related to the target nucleon longitudinal 5*^; and transverse S'^^ 
components in the LGLF by 



iS}^i,S^i) spin 



r.1 
'-'■yh 


= 55cos(0f-0f). 




r.2 
^7/1 


= ^,^,sin(0f-0f). 


(17) 


r.3 


- 9^ 

— ^7/5 





and Sryi is related to the target polarization in the laboratory frame by 



r.1 
'-'yl 

r.2 
^7/ 

r.3 
'-'7/ 



STab COSe^ C0S( 



'^lab 



lab 
'Lb)) 



75 



sm 

-S';^b sin cos(0^ 



lab 



-'lab, 



+ Slab COS ^7, 



:i8) 



where 5*;^^ and Sf^h are the nucleon spin longitudinal and transverse components with 
respect to initial lepton momentum. 

Note that in (16)-(18) the dependence of the polarized SIDIS cross section on target 
spin components and produced hadron azimuthal angle is expressed in explicit form. In 
principle, it is possible to separate the different structure functions contribution by using 
a "Fourier analysis" on 0^ for different beam and target polarizations as was done for the 



unpolarized case in Ref. |12 



Let us now consider the cross section expression in the LGLF 



^&^l+N^l'+h+X 

dxdyd(f)\ahdzdPr^'^d 



AP!l2Q^^'' ' 



(19) 
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and integrate it over 0f . One gets 



2n 



V 



eil + e) 



^-"00 



(20) 



(iniH'ii - ImH^ 



is) 
012 



is) 

123 



It is interesting to note that, due to the presence of the third term in the rhs of the 
last equation, when integrated over 0^, the cross section can still have a single target-spin 
asymmetry. Furthermore integration over and z has to give us the polarized DIS 
cross section times the mean hadron multiplicity ((n/j(x, Q^)))- 

One can show that by integrating over the produced hadron phase space, the first and 
last two terms in (22) precisely reproduce the exact formula for the polarized DIS cross 
section, given for example in Ref . JlSi , and that the following kinematical sum rules hold: 



d^P' 

^3ph 



J [2 V 



/ 



2E'' 

^3ph 

~2& 

^3ph 



2E^ 



1 
2 
1 
2 

2Mx 

Q 

2Mx 



-"11 



rr{0) 
-"22 



(0) 

22 



, rr(0) 
+ -"00 



{n,{x,Q'))F['''{x,Q' 
2xQ^ 



Q2 + 4M2x2 



{n,{x,Q'))F,^^'{x,Q'), 
= Mx,Q'))g^''ix,Q') 
= {n,{x,Q'))g^'\x,Q') 



(21) 



where •^(a;,Q ), F^ (x^Q ), gi {x,Q ) and g2 i.x,Q ) are the structure functions 
entering in the spin-independent and spin-dependent part of the polarized DIS cross sec- 
tion. 

As is well known, a single target-spin asymmetry is forbidden in simple DIS by time 
reversal invariance. This means that the following "sum rule" holds: 



(22) 



Thus, one can have a single target-spin asymmetry in a SIDIS cross section integrated 
over 0^, which disappears after integration over and z. This observation will be 
confirmed in the simple quark-parton model. 



3 Parton model with intrinsic transverse momentum 

Unpolarized SIDIS is described in a simple way by the factorized parton model. In 
this model the lepton knocks out a quark, which subsequently fragments into hadrons. 
Sixteen years ago it was shown by Cahn |TT| that nonperturbative effects of the intrinsic 
transverse momentum (fc-r) of the quarks inside the nucleon may induce significant hadron 



8 



asymmetries in the relative azimuthal angle cj)^. The EMC experiment [0 found an 
azimuthal asymmetry at the level of up to 15-20%, which arises mainly from the effects 
of the intrinsic fc-r of the struck quark with (A;|,) > {QAAGeVY . 



Here I generalize the calculation of Ref. [[T^ to the polarized SIDIS process. Calcula- 
tions will be performed in the electron-quark scattering Breit-frame (BF) (Fig. 3), which 
can be reached from the LGLF by a Lorentz boost along the 2;-axis. 




Figure 3: The quark-parton model picture for SIDIS in the BF. 

The azimuthal angle, 0g, remains unchanged under this transformation, and, for the 
virtual photon four-momentum, we have = {0,0,0, Q). In the following calculations 
the terms ~ l/<5^ are neglected. In this approximation the lepton and quark {k,k') 
four-momenta in the BF are given by: 



'Br 



'' Br 



k^" 



Br 



Qf2-y 2v/r^ 

y 



2 V 


y 


K 


'2-y 




^ y 


f( 


' 2kT 




/' Q ' 


Q 


(l '^'^ 


2 


1' Q 



j, 



It,-1 



-1 



(23) 



where It = (1, 0) is the unit transverse two-vector in the lepton transverse momentum 
direction. Note that because of a nonzero k^, the electron and the quark scattering planes 
do not coincide in general (see Fig. 3, where the angle between these planes is denoted 
by 

In the quark-parton model the description of the SIDIS process is similar to that of 
double scattering experiments, in which the polarization of the particle produced after 
the first scattering is measured. To calculate the cross section one has to know: 

1) the description of the initial quark state, 

2) the noncoplanar polarized I + q ^ I' + q' scattering cross section, 

3) the description of the polarized quark fragmentation. 
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3.1 The initial quark state. 



The polarization of free quarks is most clearly described by the density matrix of partially 
polarized fermions, which in the ultrarelativistic case takes the form 



1 + I^sl + 7^7t ■ St 



(24) 



where sl and st are the longitudinal and transverse (with respect to quark three- momentum 
k) components of twice the quark polarization vector in its rest frame, s| + |srp < 1. 

For the initial quark state in the nucleon one has to use, instead of (2), the following 
expression: 



q (in) 

Pn 



r,' N 



>, A;^)(7 ■ k) 



l + ^^sP{x,kT)+l'lT 



X, kT) 



(25) 



where V'^ 



N 



x, kT) and s^™'' (x, fc^) are the probability, longitudinal and trans- 
verse polarization distributions. They can easily be found from the density matrix by 
calculating the appropriate trace 



2p0 



If 

V%{x, kl)s^'''\x, kT) = ^tr ( 



(26) 



q (in) 5 ^ 

Pn TItT 



At first sight, it seems that presence of the intrinsic transverse momentum of the 
quark can not give a sizable effect on the spin distribution. Consider, for example, a 
transversely-polarized quark in the quark-parton model. In this case the projection of 
quark polarization vector onto the nucleon momentum direction is proportional to fcy / k\\ = 
2kT/Q, and one might conclude that the contribution of the quark transverse polarization 
to the nucleon longitudinal polarization is suppressed at high Q^. However, the nucleon 
polarization has to be calculated in its rest frame, and the factor 1/Q will disappear after 
a Lorentz transformation to nucleon rest frame. 

Consider a simple example for spin transfer from a polarized nucleon to a quark. Let 
Afj^ and be the polarization four-vectors of the nucleon and the quark in the frame 
where the nucleon has large momentum (for example in the BF), and suppose that they 
are related by Oq = c^Aq, 03 = aA^, ai = pAi and 02 = PA2, with Aq = P^Sl/M, 
A3 = E^Sl/M, At = St, where S is the nucleon polarization in its rest frame and Pn 
{En) is the momentum (energy) of the nucleon in the BF. Now one can calculate the 
quark polarization in its rest frame (s) assuming that rriq = xM. After rotation of the 
coordinate system of the BF and a Lorentz boost along the quark momentum one gets: 
sl = aSL+ (3kT- St /triq and st = pST — akTSL/mg. Thus, in this "toy" parton model, the 
longitudinal spin of the quark receives two contributions: from both the longitudinal and 
transverse spin of the nucleon. It is important to note that neither of these contributions 
is suppressed at high Q^. The same behavior is true for the transverse spin of the quark. 
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General consideration of the quark DF in a polarized nucleon in the case of nonvanish- 
ing kx has been done by Ralston and Soper [Q] and recently by Tangerman and Mulders 
|13| ]. They have found that at the leading twist one needs six independent DF's depending 
on X and k^: f,giL, Qit, ^it, ^ll, and h^r^ . The distributions Si^\x, kx) and Sj^^\x, kx) 
are given by [|13| 



krp) 

V%{x, kl) s'i'\x, kx) = giL{x, kx) Sl + 9it{x, k^) ^'^ ^'^ 



Vpf{x, k'^) Sx'^\x, kx) = hiT{x, k'^) St + 



mo 

t.1. ( 1 2 \ n r J_ / 7 2 \ ' 



(27) 
kx 



rriD 



where is an unknown mass parameter, 5*^ and St are the nucleon longitudinal and 
transverse polarization with respect to its momentum. The "new" DF's have clear phys- 
ical interpretation: for example, Qit describes the quark longitudinal polarization in a 
transversely-polarized nucleon. It is important to notice that due to this DF even the 
initial quark longitudinal spin distribution in a polarized nucleon exhibits an azimuthal 
asymmetry. 

3.2 Noncoplanar polarized I + q ^ I' + q' scattering 



Using standard methods of QED |T9| , it is easy to calculate the cross section of a polarized 
lepton scattering on a polarized quark in the one-photon approximation: 



+2su{s 



u 



) - 4m(4"^ ■ 1){s't ■ I') - MsT' ■ 1'){s't ■ I) 



l + s 



{in) 



{in) 



(28) 



Here, Cj is the electric charge of the quark in positron charge units, is the parame- 
ter describing the longitudinal spin component of the final quark and s't is four-vector 
describing its transverse spin; s, t and u are the usual Mandelstam variables given by 



s = 2MEx 



'kT ■ It 



Q 



t = -g^ = -2MExy, 
u = -2MEx{l - y) 1 



(29) 



kT ■ It 



Q 



Note that for noncoplanar I + q —>■ I' + q' scattering s and u depend on the relative 



azimuthal angle between the quark and lepton scattering planes, and kinematical 



corrections of order 1/Q will arise due to this dependence. 
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The transverse polarization four- vectors of the quarks in the BF in this approximation 



are 



.(m)N 



Q 



Q 

kx ■ s't)- 



(30) 



Substituting (29) and (30) into (28) the following expression for the cross section is 
obtained: 

a et 



^2 «+</-^'+<?' ^,2„2 



f{x, kj,)[a + Bls'l + br ■ s't 



(31) 



where 



Q 



2-y-AJl-y 



-kT ■ It 



Q 



Ay 



2-y-4Jl-y 



-kT ■ It 



Q 



l + {l-yy-4{2-y)Jl-y 



-kT ■ It 



Q 



bT = 2{l-y)\4"^ -2{sr> -hyT 



,(in) 



(32) 



+2- 



2-y 



. lT)kT + {sr' ■ kT)lT - {It ■ kT)s^ 



,{in) 



(in) 



The final quark polarization according to the general rules (see |]l9l,§65) is given by 



,(/) 



a 
Bt 
a 



(33) 



From (32) and (33) one can see that the final quark can be transversely polarized only 
if the transverse polarization of the initial quark is not equal to zero. The sideways (Dgs) 
and normal (Dnn) transverse spin transfer coefficients to leading order in 1/Q are given 
by 

Dnn = -Dss = "^^^ " ^ • (34) 

l + {l-yy + Xst^y{2-y) ^ ' 

The azimuthal angle of the final quark transverse spin (0; ^) in this approximation is very 
simply connected with that of the initial quark (0f): 



(35) 

For unpolarized leptons, expression (34) coincides with the depolarization factor in Ref. 



Note also that, in contrast with transverse polarization, the longitudinal polarization 
of the final quark is not equal to zero even if the initial quark is unpolarized but the initial 
lepton is longitudinally polarized. 
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For the final quark state before fragmentation, one can now write the density matrix 

as 

= 0^f{x, + f + I'lT ■ 4'^). (36) 

One can see that the final quark state has an azimuthal asymmetry in the relative 
angle between the lepton and quark scattering planes, 0^. Part of this asymmetry has 
a kinematical origin, as the third term in the expression for a in (32). The azimuthal 
asymmetry in unpolarized SIDIS arises from this term But there also exist terms 
refiecting the azimuthal anglular dependence of the initial quark distributions, which are 
not suppressed at high Q^. 

3.3 Polarized quark fragmentation. 

In analogy with the quark probability distribution in the nucleon one can write the prob- 
ability of producing a hadron, h, in the polarized quark fragmentation as 

P't) = (p^ (^)F(z, P^V)7°) , (37) 

where F{z, Pqx) the polarized quark fragmentation function, depending on z = E'^/E''' 

and the hadron transverse momentum with respect to the final quark momentum Pj^rp = 

P^ — zkx- This FF can be presented as a sum of spin-independent and spin-dependent 
parts 0]. 

F{z, i^V) = fW(z, P^^') + 7^(7T ■ [P X ^])F^'\z, P^T% (38) 

where mi;' is another unknown mass parameter. The two terms on the rhs of equation 
(40) are the only ones allowed by parity invariance. 
Calculating the trace in (37) one gets 

Vi{z,P;^) = 0^f{x,e^){aF('\z,P^^^') - {br ■ [P x ^])F('\z, P^%')^ 

2Q^y V ^ niF ) 

where 0coi is the angle between P^j. and the final quark transverse polarization. 

In contrast to the ordinary FF, F*^°''(z, P-^), the spin-dependent part of the polarized 
quark FF, F(^)(z, P|), or, in other words, the analyzing power of polarized fragmentation, 
has never been measured. 

4 Results 

In this section the polarized SIDIS cross section is calculated taking into account all six 
twist-two quark DF's and the Collins effect in polarized quark fragmentation. Kinematical 
corrections of order l/Q also are kept. 
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To calculate the cross section one has to integrate over Ut and sum over all quark and 
antiquark types the probability of hadron production in final quark fragmentation (the 
initial quark probability distribution and I + q ^ I' + q' scattering cross section is already 
included in the final quark density matrix): 



dxdyd(f){^f,dzdP^^d(f)^ 



j:ld'kTVi{z,P^%), (40) 



where d^kr = l/2dk^d(j)'i and (pl is the quark azimuthal angle in the BF. 

This integration can be performed analytically if one supposes that the transverse 
momentum dependence in the DF's and FF's may be written in factorized exponential 
form: 

dj{x,k^) = -^exp ( I dj{x), 
TTUj \ ajj 

F^'''\-.p't) = -^exp (-^) F(°'-)(.). (41) 

Here the index J = fi, giL, Qit, hiT, h^j;^, h^j. enumerates the difi'erent DF's. The width 
of transverse momentum distribution for each distribution (fragmentation) function oj ~ 
{k'^) {ttp'^^ ~ {Pqj-)) can in principle depend on x {z). 
After some calculations the final result looks like: 

dxdyd<t>l,dzdP!}H4>^ ^ ? V'''' + + ' ^^^^ 

where the contributions to unpolarized, double (beam and target) and single (target only) 
polarized parts of the cross section are given in the following three formulae. 



(43) 



Cop = XS^,Ay 



I Q,(0) ph 

y-4yi^^^cos0f 



Q 



, r.{0) ph \ (0) ph 

y-AJl-y COS0N 

V Q J mo 



cos(0f - 0f ) (44) 



- 6(0) 

,^cos(0f) 



a 



SP 



i_y 



+S. 



L 
jl 



-a 



rriD 



(s) 



'1 (S) 
1 - zaW 



P^2sin2(/)f 
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+55^P^ (41)^(1 - zafl )P^'cos{4 - 0f) sin20f 
fnjj \ IT "it 



sin 0f 



(45) 



AiS) 



rriD 

(s) 



a 



(5)2/ 



1 - zaf^jPr^ + (1 - 2za[f )6g ) P^^ sin 0f 



li ""11, 



+5: 



^' ml, 



i.(41)^P- + 26f2)6f2sin0f 

^ "it "it "it 



- + (2 - 3^4|)&i|]P^^ cos(0f - 0f) sin^f)] }. 

Here the following notation has been adopted ^ 



-Dj — Oi? +2; aj, 



a 



io,s) 



zaj 



r(0,S) 



,(0,5) 



aj 



B 



(0,5) ^ 



B 



(0,S) 



(0,5) 



exp 



ph2 



B 



(0,5) 



cij(x)F(°'^)(^). 



(46) 



One can check that both the ^f" and y dependence of the parton model result (42)-(45) 
exactly coincide with that required by the general structure function analysis of section 
2. 

Integrating (43)- (45) over hadron azimuthal angle one gets 



d,l,fC„p = 2,,Af(l + (l-yfy 



2n 



— g;^^; — 



2A 



(S) 



(S) , 



1 - zai'i)Pr - zht 



(S) 

IT 



(47) 



"■IT 



"it "it 



{S) \ l(S) 



"it 



-ag (al?^(l - .-4? + (2 - S.aJ;? F^]} 



sm ( 



As is clear from the last equation, even when integrated over hadron azimuthal angle, 
the SIDIS cross section can still have a single target spin asymmetry. Further integration 
over hadron transverse momentum gives 



cPPj' Cup 



l + {l^yf)h{x)F^'\z), 



^To simplify notation the index q has been suppressed where possible. Obviously, all quantities related 
with DF (FF) depend on quark flavor q (and final hadron type h). 
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/ 
/ 



cpp!p Cop 



St;A2-y)giL{x)-2S'dl 



F^'^Xz), (48) 



(fP^ Csp 



4 S^i\ hiT{x) 



Qrap 



AS) 



iS) 



ml 



z) sm( 



Using definitions (46), one can check that expressions in the square brackets on the 
rhs of the last equation are equal to zero. Thus, in the quark-parton model the single-spin 
asymmetry disappears already after the P-^-integration, and sum rule (22) holds. 

Finally, let us multiply the two first equations in (48) by z, integrate over z and sum 
over final hadron types. Using the well-known momentum sum rule. 



J2 J dzzF'^^\z) 



(49) 



the following relations between polarized DIS structure functions and quark DF's are 
established: 



9?''{x,Q') 



9?''ix,Q') 



Y.49iL{x), 



(50) 



/ a 



9lT 



2^^" \2MmDX 



9it{x) - 9il{x) 



The last equation in (50) shows that both the "longitudinal", giL{x,kD, and "trans- 
verse", giT^x, k^), parts of the quark longitudinal-spin distribution give a twist-two con- 
tribution to the g2^^{x,Q'^). This result with quark mass and higher-twist corrections 
has been found by Tangerman and Mulders (see eq. 2.29 in Ref. |T^ and the discussion 
therein) . 



5 Discussion 



In section 4 the cross section for the production of a single unpolarized hadron was 
calculated. However, with a parton model expression (36) for the polarization density 
matrix of the final quark, one can also calculate the cross sections for the production 
of polarized self-analyzing baryons or multi-hadron states (double-particle Collins effect, 
handedness, ...). 

To investigate transverse spin distributions, it seems more convenient to use an un- 
polarized lepton beam and a polarized target because, in this case, six of the structure 
functions in (18) do not contribute to the cross section, i.e., Cdp = in the parton model. 

I would like to make several remarks here. 

In the parton model calculations of section 4, terms ~ l/Q have been kept. In general 
to get self-consistent results to this order in 1/Q one has to take into account also first- 
order QCD radiative corrections and twist-three DF's and FF's. However, as one can 
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conclude from the EMC data analysis [0 , the most important contribution to azimuthal 
dependence comes from kinematical effect of the intrinsic transverse momentum (eq. 43), 
as calculated by Cahn [O . 



In some articles concerning polarized DIS and SIDIS only fi{x), gi{x) and hi{x) are 
considered. They are related to the DF's used in section 3 by kr- integration 

fiix) = J (fkTh{x,kl), 

9iix) = J (fkTgiL{,x, fcy) = giL{x), (51) 
hi{x) = j (fki 



hixix, krp) + - — Trh.rpix, k 



hM^) + ^hiAx). 



The DF's girix) and hiL^x) do not give contributions to gi{x) and hi{x). 

However, the nonperturbative effects of intrinsic transverse momentum play an impor- 
tant role for polarized SIDIS when dependence on azimuthal angle of the produced hadron 
is considered. First of all, even in the zeroth approximation in l/Q, all six twist-two DF's 
contribute to the cross section in this case and the dependence on the produced hadron 
azimuthal angle, though explicitly calculable, is rather complicated. 

The quark-parton model calculations of Ref. and [0 has been performed, 

neglecting the effects of quark intrinsic transverse momentum. This corresponds to a 5{k) 
distribution for intrinsic kx or, in our notation, to oj = and so a'j'^^ = and b^j'^^ = 0. 
This rather arbitrary assumption is not true in the case of fi{x, k^). Experiments indicate 
that ttf-^ can reach a value of ~ 0.4(GeV^/c)^ (see [|1^ and [0). 



Let us consider (44)- (47) in the zeroth approximation in 1/Q. In this approximation 
4>coi = 4>i + 4^1 — T^- In the original paper by Collins 0] aj = was assumed and only 
the first term on the rhs of eq. (45) was obtained. But, as one can see from (42)-(45), 
the azimuthal dependence of the polarized SIDIS cross section exhibits more complicated 
behavior already at zeroth order in 1/Q when intrinsic kx effects are taken into account. 

I would like to stress here that, in contrast to parton model result for the azimuthal 
asymmetry in unpolarized SIDIS |jll|, in the case of polarized SIDIS, the azimuthal de- 
pendence appears at leading order in Q^. Thus, in polarized SIDIS there are not only 
~ 1/Q effects of kinematical origin (as in the unpolarized case) but also leading ones 
coming from the azimuthal dependence of the initial quark distribution and/or polarized 
fragmentation. Suppose for example that the polarized part of the FF is equal to zero. 
Then Csp = 0, but one can still have a leading-order azimuthal asymmetry in the second 
term of the rhs of (44) due to the nonzero longitudinal spin of the initial quark in the 
transversely-polarized nucleon (if giT 7^ 0). 

5.1 Examples of the target spin asymmetries. 

Suppose that the SIDIS cross section is measured for different beam helicities and target 
polarizations. Then, using the specific forms of the 0f , (/)f , and y dependence of the 
different terms in (42)- (45) one can separate the contribution of the different DF's and 
FF's. 

For example, consider the case of a longitudinally-polarized (in the laboratory frame) 
lepton and target. The target longitudinal polarization asymmetry with fixed lepton beam 
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helicity, defined as 



Aj 



da^ — da* 

da^ + da* 



to zeroth order in l/Q is given by 



(52) 



A, 



C 



(0) 



(53) 



where the contribution of different DF's and FF's are: 



(0) 



C 



MO) 



1 + (1-1/)' 



(0) 



q 

Ay(2-y)EeXi, 
—2(1 — y) sin 



C 



(3) 



ph2 

h 



'I 



mj:,mp 



E 



2 (5) 



(54) 



As is clear from(54), one can separate the contributions of Cj^^^^ and Cj^^ by measuring the 
target longitudinal- spin asymmetry for different values of 0f , and y. If the experiment 
shows that C[^2 7^ 0, then one can conclude that both the twist-two DP, hh, and FF, 

F^^\ are nonzero. Thus, in principle, it is possible to investigate the Collins effect (a spin 
dependent FF) with a longitudinally polarized beam and target by analyzing existing 
SMC semi-inclusive data in different bins of 0f, as was done without such binning in 

Analogously one can consider the target transverse polarization asymmetry with a 
fixed helicity of the lepton beam, defined by 



A, 



da^ — da^ 
da^ + da'^ 



(55) 



In the zeroth order on 1/Q 



A 



/^{O) I n{S) I MS) 
Sit '-/iiT ^hi-^ 



T 



c 



(0) 



(56) 



with 



Sit 



MS) 



MS) 

"it 



Al/(2 - y) 



-2(1 



Tjh 

mo 



■ COS 



y) sin( 

mp 



-2(1 -y)- 



ryh 



E 

>E' 



^9 9lT 9lT' 



za 



hiT ' hiT^ 



za 



is) 

"it 



,1 

'2 



{S) -.AS) 

za\l^)h\l^ sm 



(1 

"it 



(•5) N p/i2 



COS 0, — 



sin 20" 



^For simplicity 100% target polarization is considered. 



(57) 
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The contributions of C^"^^ and Cj^^ arising from spin- dependent part of FF can be sup- 
pressed if At is measured in small bins around (p^ ^ (pf ^ 0. In these bins the asymmetry 



is given by 



A|/(2-|/)Pj^E,eX°Ma 
[l + {l-yy]mnE,elAf 



In this way it seems feasible to investigate the twist-two DF, qit, already with existing 
SMC semi-inclusive data |] on a transversely polarized nucleon. 

As it is clear from the preceding examples, with a sufficient amount of experimental 
data it is possible to separate the contributions of the different DF's and FF's by consid- 
ering appropriate asymmetries in different bins of and (pf or using the Fourier- analysis 
method. It is also possible to perform a flavor analysis, as proposed in Ref. |]5|-0, by 
measuring SIDIS asymmetries on proton and deuteron targets for different types of final 
hadron. 

Unfortunately, there are no measurements or theoretical calculations of the "new" 
DF's QiT, h^rp and hj^^^ or the polarized part of the FF's, and numerical estimation of 
different asymmetries in polarized SIDIS is now impossible. 



6 Conclusions 

In this paper polarized SIDIS has been considered in the quark-parton model with a 
nonzero intrinsic /ct, taking into account all six leading-twist DF's and the Collins effect 
in the FF's and keeping kinematical corrections of order ~ It is shown that already 
at zeroth order in 1/Q the effects of intrinsic fc^ are not negligible: all six twist-two DF's 
with the polarized part of the FF's give contributions to the azimuthal dependence of 
the cross section. A study of appropriate asymmetries in polarized SIDIS will allow an 
investigation of the different DF's and FF's at twist-two. It is possible to start this type 
of analysis already with existing SMC semi-inclusive data. 

It was also noticed that a single target-spin asymmetry (with an unpolarized lepton 
beam) can exist in the SIDIS cross section when integrated over final hadron azimuthal 
angle. In the quark-parton model this asymmetry is of order 1/Q, and disappears after 
integration. 

New polarized SIDIS experiments like thoss proposed by the HELP and HERMES 
collaborations will certainly be very instructive for the investigation of the new DF's and 
FF's. 
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